Understanding genome and gene function in a whole organism requires us to fully comprehend the life cycle and the physiology of the organism in question. Although C. elegans is traditionally thought of as a hermaphrodite, XX animals exhaust their sperm and become endogenous females after 3 days of egg-laying. The molecular physiology of this state has not been as intensely studied as other parts of the life cycle, despite documented changes in behavior and metabolism that occur at this stage. To study the female state of C. elegans, we measured the transcriptomes of 1st day adult hermaphrodites; endogenous, 6th day adult females; and at the same time points, mutant fog-2(lf) worms that have a feminized germline phenotype. At these time points, we could separate the effects of biological aging from the transition into the female state. fog-2(lf) mutants partially phenocopy 6 day adult wild-type animals and exhibit fewer differentially expressed genes as they age throughout these 6 days. Therefore, fog-2 is epistatic to age as assessed by this transcriptomic phenotype, which indicates that both factors act on sperm status to mediate entry into the female state. These changes are enriched in transcription factors canonically associated with neuronal development and differentiation. Our data provide a high-quality picture of the changes that happen in global gene expression throughout the period of early aging in the worm. 2 for indepth analysis of gene expression changes be-3 tween life stages and environmental conditions in 4 many species [2, 3]. Caenorhabditis elegans, a ge-5 netic model nematode with extremely well defined 6 and largely invariant development [4,5], has been sub-7 1 jected to extensive transcriptomic analysis across all 8 stages of larval development [6-8] and many stages of 9 embryonic development [7]. Although RNA-seq was 10 used to develop transcriptional profiles of the mam-11 malian aging process soon after its invention [9], few 12 such studies have been conducted in C. elegans past 13 the entrance into adulthood. 14 A distinct challenge to the study of aging transcrip-15 tomes in C. elegans is the hermaphroditic lifestyle of 16 wild-type individuals of this species. Young adult 17 hermaphrodites are capable of self-fertilization [10, 18 11], and the resulting embryos will contribute RNA 19 to whole-organism RNA extractions. Most previous 20 attempts to study the C. elegans aging transcriptome 21 have addressed the aging process only indirectly, or 22 relied on the use of genetically or chemically sterilized 23 animals to avoid this problem [7,12-17]. In addition, 24 most of these studies obtained transcriptomes using 25 microarrays, which are less accurate than RNA-seq, 26 especially for low-expressed genes [18]. 27 Here, we investigate what we argue is a distinct 28 state in the C. elegans life cycle, the endogenous 29 female state. Although C. elegans hermaphrodites 30 emerge into adulthood already replete with sperm, 31 after about 3 days of egg-laying the animals be-32 come sperm-depleted and can only reproduce by mat-33 ing, This marks a transition into what we define as 34 the endogenous female state. This state is behav-35 iorally distinguished by increased male-mating suc-36 cess [19], which may be due to an increased attrac-37 tiveness to males [20]. This increased attractiveness 38 acts at least partially through production of volatile 39 chemical cues [21]. These behavioral changes are 40 also coincident with functional deterioration of the 41 germline [22], muscle [23], intestine [24] and nervous 42 system [25], changes traditionally attributed to the 43 aging process [26].
Introduction 1
Transcriptome analysis by RNA-seq [1] has allowed (before worms contained embryos, referred to as 1st 48 day adults) and after sperm depletion (6 days after 49 the last molt, which we term 6th day adults). Second, 50 we examined feminized XX animals that fail to pro-51 duce sperm but are fully fertile if supplied sperm by 52 mating with males (see Fig. 1 ). We used fog-2(lf) mu-53 tants to obtain feminized animals. fog-2 is involved 54 in germ-cell sex determination in the hermaphrodite 55 worm and is required for sperm production [27, 28] . 56 C. elegans defective in sperm formation will never 57 transition into or out of a hermaphroditic stage. As 58 time moves forward, these spermless worms only ex-59 hibit changes related to biological aging. We also rea-60 soned that we might be able to identify gene expres-61 sion changes due to different life histories: whereas 62 hermaphrodites lay almost 300 eggs over three days, 63 spermless females do not lay a single one. The differ-64 ent life histories could affect gene expression.
Here, we show that we can detect a transcriptional 66 signature associated both with loss of hermaphroditic 67 sperm and entrance into the endogenous female state. 68 We can also detect changes associated specifically 69 with biological aging. Loss of sperm leads to increases 70 in the expression levels of transcription factors that 71 are canonically associated with development and cel-72 lular differentiation and enriched in neuronal func-73 tions. Biological aging causes transcriptomic changes 74 consisting of 5,592 genes in C. elegans. 4,552 of these 75 changes occur in both genotypes we studied, indicat-76 ing they do not depend on life history or genotype. 77 To facilitate exploration of the data, we have gener-78 ated a website where we have deposited additional 79 graphics, as well as all of the code used to generate 80 these analyses: https://wormlabcaltech.github. 81 io/Angeles_Leighton_2016/ .
82

Materials and Methods
83
Strains 84 Strains were grown at 20 • C on NGM plates contain-85 ing E. coli OP50. We used the laboratory C. ele-86 gans strain N2 as our wild-type strain [10] . We also 87 used the N2 mutant strain JK574, which contains the 88 fog-2(q71) allele, for our experiments.
89
RNA extraction 90
Synchronized worms were grown to either young 91 adulthood or the 6th day of adulthood prior to RNA 92 extraction. Synchronization and aging were carried 93 fog-2 (+) fog-2 (-) out according to protocols described previously [21] . 
Statistical Analysis
140
RNA-Seq Analysis
141
RNA-Seq alignment was performed using 142 Kallisto [29] with 200 bootstraps.
The com-143 mands used for read-alignment are in the S.I. file 1. 144 Differential expression analysis was performed using 145 Sleuth [30] . The following General Linear Model 146 (GLM) was fit:
where y i are the TPM counts for the ith gene; β 0,i 148 is the intercept for the ith gene, and β X,i is the re-149 gression coefficient for variable X for the ith gene; 150 A is a binary age variable indicating 1st day adult 151 (0) or 6th day adult (1) and G is the genotype vari-152 able indicating wild-type (0) or fog-2(lf) (1); β A::G,i 153 refers to the regression coefficient accounting for the 154 interaction between the age and genotype variables 155 3/13 in the ith gene. Genes were called significant if the 156 FDR-adjusted q-value for any regression coefficient 157 was less than 0.1. Our script for differential analysis 158 is available on GitHub.
159
Regression coefficients and TPM counts were pro-160 cessed using Python 3.5 in a Jupyter Notebook [31] .
161
Data analysis was performed using the Pandas,
162
NumPy and SciPy libraries [32] [33] [34] . Graphics 163 were created using the Matplotlib and Seaborn li-164 braries [35, 36] . Interactive graphics were generated 165 using Bokeh [37] . Python [38, 39] . hermaphrodites had laid all their eggs (see Fig 1) , but 192 mortality was still low (< 10%) [41] . We obtained 16- The y-axis shows the negative logarithm of the q-values for each point. Green points are differentially expressed isoforms; orange points are differentially expressed isoforms of predicted transcription factor genes [40] . An interactive version of this graph can be found on our website. B Tissue Enrichment Analysis [38] showed that genes associated with muscle tissues and the nervous system are enriched in aging-related genes. Only statistically significantly enriched tissues are shown. Enrichment Fold Change is defined as Observed/Expected. hmc stands for head mesodermal cell.
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14,702 individual genes totalling 21,143 isoforms (see Figure 2a ).
197
One way to analyze the data from this two-factor A linear regression with two variables, age and genotype. The expression level of a gene increases by the same amount as worms age regardless of genotype. However, fog-2(lf) has more mRNA than the wild-type at all stages (blue arrow). B. A linear regression with two variables and an interaction term. In this example, the expression level of this hypothetical gene is different between wild-type worms and fog-2(lf) (blue arrow). Although the expression level of this gene increases with age, the slope is different between wildtype and fog-2(lf). The difference in the slope can be accounted for through an interaction coefficient (red arrow).
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to both genotypes. The change associated with each variable is referred as β; this number, although re- Figure 2b ). Gene Enrichment Analysis (GEA) [39] 269 revealed that genes that were differentially expressed To verify the quality of our dataset, we generated a and aging and lifespan extension datasets [12] [13] [14] [15] [16] . 285 Out of 1,056 standard genes, we found 506 genes in 286 our time-responsive dataset. This result was statisti-287 cally significant with a p-value < 10 −38 .
288
Next, we used a published compendium [40] to 289 search for known or predicted transcription factors. 290 We found 145 transcription factors in the set of 291 genes with differential expression in aging nema-292 todes. We subjected this list of transcription fac-293 tors to TEA to understand their expression patterns. 294 6 of these transcription factors were expressed in 295 the 'hermaphrodite specific neuron' (HSN), a neuron 296 physiologically relevant for egg-laying (hlh-14, sem-4, 297 ceh-20, egl-46, ceh-13, hlh-3), which represented a sta-298 tistically significant 2-fold enrichment of this tissue 299 (q < 10 −1 ). The term 'head muscle' was also over-300 represented at twice the expected level (q < 10 −1 , 301 13 genes). Many of these transcription factors have 302 been associated with developmental processess, and 303 it is unclear why they would change expression in 304 adult animals.
305
The whole-organism fog-2(lf) tran-306 scriptome in C. elegans. 307 We identified 1,881 genes associated with the fog-2(lf) 308 genotype, including 60 transcription factors (see SI 309 file 3). TEA showed that the terms 'AB', 'midbody', 310 'uterine muscle', 'cephalic sheath cell', 'anal depres-311 sor muscle' and 'PVD' were enriched in this gene set. 312 The terms 'AB' and 'midbody' likely reflect the im-313 pact of fog-2(lf) on the germline. Phenotype enrich-314 ment showed that only a single phenotype, 'spindle 315 orientation variant' was enriched in the fog-2(lf) tran-316 scriptome (q < 10 −1 , 38 genes, 2-fold enrichment). 317 Most genes annotated as 'spindle orientation vari-318 ant' were slightly upregulated, and therefore are un-319 likely to uniquely reflect reduced germline prolifera-320 tion. GO term enrichment was very similar to the ag-321 ing gene set and reflected enrichment in annotations 322 pertaining to translation and respiration. Unlike the 323 aging gene set, the fog-2(lf) transcriptome was sig-324 nificantly enriched in 'myofibril' and 'G-protein cou-325 pled receptor binding' (q < 10 −1 ). Enrichment of the 326 term 'G-protein coupled receptor binding' was due to 327 14 genes: cam-1, mom-2, dsh-1, spp-10, flp-6, flp-7, 328 Figure 4 . fog-2(lf) partially phenocopies early aging in C. elegans. The β in each axes is the regression coefficient from the GLM, and can be loosely interpreted as an estimator of the log-fold change. Feminization by loss of fog-2(lf) is associated with a transcriptomic phenotype involving 1,881 genes. 1,040/1,881 of these genes are also altered in wild-type worms as they progress from young adulthood to old adulthood, and 905 change in the same direction. However, progression from young to old adulthood in a fog-2(lf) background results in no change in the expression level of these genes. A We identified genes that change similarly during feminization and aging. The correlation between feminization and aging is almost 1:1. B Epistasis plot of aging versus feminization. Epistasis plots indicate whether two genes (or perturbations) act on the same pathway. When two effects act on the same pathway, this is reflected by a slope of −0.5. The measured slope was −0.51 ± 0.01.
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To evaluate which of these possibilities was most 372 likely, we selected the 1,040 genes that had ag-373 ing, genotype and interaction coefficients significantly 374 different from zero and we plotted their temporal 375 coefficients against their genotype coefficients (see 376 Fig. 4a ). We observed that the aging coefficients 377 were strongly predictive of the genotype coefficients.
378
Most of these genes fell near the line y = x, sug-379 gesting that these genes define a female state. As a 380 further test that these genes actually define a female 381 state, we generated an epistasis plot using this gene 382 set. We have previously used epistasis plots to mea-383 sure transcriptome-wide epistasis between genes in a 384 pathway [42] . Briefly, an epistasis plot plots the ex- isons are unable to draw on the full statistical power 455 available to an experiment because they discard 456 almost all information except the samples being 457 compared. Second, pairwise comparisons require a 458 researcher to define a priori which comparisons are 459 informative. For experiments with many variables, 460 the number of pairwise combinations is explosively 461 large. Indeed, even for this two-factor experiment, 462 there are 6 possible pairwise comparisons. On the 463 other hand, by specifying a linear regression model, 464 each gene can be summarized with three variables, 465 each of which can be analyzed and understood 466 without the need to resort to further pairwise 467 combinations.
468
Our explorations have shown that the loss of 469 fog-2(lf) partially phenocopies the transcriptional 470 events that occur naturally as C. elegans ages from 471 the 1st day of adulthood to the 6th day of adult-472 hood. Moreover, epistasis analysis of these pertur-473 bations suggest that they act on the same path-474 way, namely sperm generation and depletion (see 475 Fig. 6 ). Sperm generation promotes a non-female 476 states, whereas sperm depletion causes entry into the 477 female state. Given the enrichment of neuronal tran-478 scription factors that are associated with sperm loss 479 in our dataset, we believe this dataset should contain 480 some of the transcriptomic modules that are involved 481 in these pheromone production and behavioral path-482 ways, although we have been unable to find these 483 genes. Currently, we cannot judge how many of the 484 changes induced by loss of hermaphroditic sperm are 485 developmental (i.e., irreversible), and how many can 486 be rescued by mating to a male. While an entertain-487 ing thought experiment, establishing whether these 488 transcriptomic changes can be rescued by males is a 489 daunting experimental task, given that the timescales 490 for physiologic changes could reasonably be the same 491 as the timescale of onset of embryonic transcription. 492 All in all, our research supports the idea that wide-493 ranging transcriptomic effects of aging in various tis-494 sues can be observed well before onset of mortality, 495 and that C. elegans continues to develop as it enters 496 a new state of its life cycle. Recognized stages of C. elegans are marked by black arrows. States are marked by red arrows to emphasize that at the end of a state, the worm returns to the developmental timepoint it was at before entering the state. The L2d state is an exception. It is the only stage that does not return to the same developmental timepoint; rather, the L2d state is a permissive state that allows entry into either dauer or the L3 stage. We have presented evidence of a female state in C. elegans. At this point, it is unclear whether the difference between hermaphrodites and females is reversible by males. Therefore, it remains unclear whether it is a stage or a true state.
The C. elegans life cycle, life stages and 498 life states 499 C. elegans has a complicated life cycle, with two al-500 ternative developmental pathways that have multiple 501 stages (larval development and dauer development), 502 followed by reproductive adulthood. In addition to 503 its developmental stages, researchers have recognized 504 that C. elegans has numerous life states that it can 505 enter into when given instructive environmental cues. 506 One such state is the L1 arrest state, where devel-507 opment ceases entirely upon starvation [43] . More 508 recently, researchers have described additional dia-509 pause states that the worm can access at the L3, 510 L4 and young adult stages under conditions of low 511 food [44] [45] [46] . Not all states of C. elegans are arrested, 512 however (see Fig. 6 ). For example, the L2d state is in-513 duced by crowded and nutrient poor conditions [47] . 514 While within this state, the worm is capable of entry 515 into either dauer or the L3 larval stage, depending 516 on environmental conditions. Thus, the L2d state 517 is a permissive state, and marks the point at which 518 the nematode development is committed to a single 519 developmental pathway.
520
Identification of the C. elegans life states has of-521 ten been performed by morphological studies (as in 522 the course of L4 arrest or L2d) or via timecourses 523 (L1 arrest). However, not all states may be visu-524 ally identifiable, or even if they are, the morpho-525 logical changes may be very subtle, making positive 526 identification difficult. However, the detailed infor-527 mation afforded by a transcriptome should in the-528 ory provide sufficient information to definitively iden-529 tify a state, since transcriptomic information under-530 lies morphology. Moreover, transcriptomics can pro-531 vide an informative description into the physiology 532 of complex metazoan life state's via measurements of 533 global gene expression. By identifying differentially 534 expressed genes and using ontology enrichment anal-535 yses to identify gene functions, sites of expression or 536 phenotypes that are enriched in a given gene set, re-537 searchers can obtain a clearer picture of the changes 538 that occur in the worm in a less biased manner than 539 by identifying gross morphological changes. RNA-seq 540 is emerging as a powerful technology that has been 541 used successfully in the past as a qualitative tool for 542 10/13 target acquisition. More recent work has successfully 543 used RNA-seq to establish genetic interactions be-544 tween genes [48, 49] . In this work, we have shown 545 that whole-organism RNA-seq data can also be ana-546 lyzed via a similar formalism to successfully identify 547 internal states in a multi-cellular organism. 
